Fire is a primary mode of natural disturbance in the forests of the Pacific Northwest. Increased fuel loads following fire suppression and the occurrence of several large and severe fires have led to the perception that in many areas there is a greatly increased risk of high-severity fire compared with presettlement forests. To reconstruct the variability of the fire regime in the Siskiyou Mountains, Oregon, we analyzed a 10-m, 2,000-y sediment core for charcoal, pollen, and sedimentological data. The record reveals a highly episodic pattern of fire in which 77% of the 68 charcoal peaks before Euro-American settlement cluster within nine distinct periods marked by a 15-y mean interval. The 11 largest charcoal peaks are significantly related to decadal-scale drought periods and are followed by pulses of minerogenic sediment suggestive of rapid sediment delivery. After logging in the 1950s, sediment load was increased fourfold compared with that from the most severe presettlement fire. Less severe fires, marked by smaller charcoal peaks and no sediment pulses, are not correlated significantly with drought periods. Pollen indicators of closed forests are consistent with fire-free periods of sufficient length to maintain dense forest and indicate a fire-triggered switch to more open conditions during the Medieval Climatic Anomaly. Our results indicate that over millennia fire was more episodic than revealed by nearby shorter tree-ring records and that recent severe fires have precedents during earlier drought episodes but also that sediment loads resulting from logging and road building have no precedent in earlier fire events.
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historical fire | climate variability | ecological resilience | logging | sediment charcoal F ire plays a key role structuring ecosystems of the floristically diverse Siskiyou and Klamath Mountains of southwest Oregon and Northwest California (1, 2) , driving successional pathways (3) and affecting the erosion rate of soils (4, 5) . Fire-history data obtained from tree-ring records suggest that before Euro-American settlement forests supported a mixed-severity fire regime characterized by minor amounts of stand-replacing high-severity fire (6) (7) (8) . Recent decades of fire suppression, logging, and dense regrowth have increased forest density regionally (9) , and that increased tree density, along with longer and warmer summers, may be contributing to increased fire size and severity (10, 11) . The belief that recent fires, such as the 196,000-ha Biscuit Fire in 2002, were more severe than the historical norm could be used to justify managing fire hazard through thinning or prescribed fire in currently dense stands (12, 13) . However, some have questioned whether increased fuels from fire suppression indeed pose an increased risk of severe fire (14, 15) and whether climate may override fuel as a control of fire occurrence and extent (10, 16) .
The historical variability of severe fire in the Pacific Northwest remains a subject of debate. Early 20th century accounts and photographs contrast with tree-ring evidence and show a notable proportion of landscapes in dry forest types had been affected recently by severe fire (17) (18) (19) . Tree-ring fire-scar records, in contrast, are limited by their inability to reconstruct recurrent high-severity fire; long fire-scar records occur only in areas of low-severity fire (20) . Tree-ring fire-scar records also are limited by their relatively short temporal depth, rarely extending before A.D. 1600 and into climatic periods that may be analogous to our current climate. Because the rationale for ecological restoration is rooted in an understanding of an historical baseline, a closer examination of the presettlement pattern and severity of fire in the Siskiyou Mountains could help set more realistic restoration target-points (12, 19) and could reveal whether recent fires have been "catastrophic" or just a continuation of burn-severity patterns typical of recent centuries.
Lake-sediment fire-history records place recent trends in fire occurrence into a unique long-term perspective (21, 22) . This approach has been used in high-elevation and subalpine forests of the Siskiyou region and revealed a highly variable fire frequency through the Holocene (23). Here we provide a millennial-scale, high-resolution history of middle-elevation forests where there are concerns about unnaturally high fuel loads and altered fire regimes. Few sediment-based studies have evaluated fire severity (i.e., tree mortality and soil impacts), although there is a potential to reconstruct geomorphic responses to severe fire from signatures in colluvial and alluvial sediment (24) . In this study we present a paleoecological record of the last 2,000 y of fire, erosion, and vegetation changes in the dry mixed-conifer/broadleaved evergreen zone of the Siskiyou Mountains to examine (i) the variability of fire during the climatic changes of the Medieval Climatic Anomaly (MCA; ca. A.D. 900-1300) (25) and the Little Ice Age (LIA; ca. A.D. 1500-1800) (16) , (ii) the history of vegetation change and its link to fire, and (iii) the impacts of disturbance on soil erosion rates from pre-to postsettlement times.
Results and Discussion
Fire Variability During the Last 2,000 y. Upper Squaw Lake (hereafter "USL," 42°2′ N; 123°0.9′ W) is a 7.2-ha landslide-dammed basin located at 930 m above sea level in southwestern Oregon ( Fig. 1 and Figs. S1-S3). The basin accumulates sediment delivered from adjacent slopes and via Squaw Creek, draining a 40-km 2 watershed with 1,020 m of relief. Ten meters of sediment marked by faint and distinct laminations consisting of silty gyttja and interbedded inorganic turbidites were cored at a water depth of 14.1 m for charcoal, pollen, and other sedimentological analyses. To consider explicitly the short-term changes in the sedimentation rates of the last 2,000 y, we developed an agedepth model using a Bayesian-like approach that incorporates the magnetic susceptibility profile as a proxy of rapidly deposited minerogenic sediment (26, 27) , five accelerator mass spectrom-etry (AMS) 14 C dates on macrofossils, and a determination of the 137 Cs peak concentration ( Fig. 2 and Fig. S4 ). The charcoal stratigraphy, developed at a 2-y mean resolution (1-cm intervals), displays a set of 71 statistically significant peaks (28) , which correspond closely with nearby mapped historical fires and tree-ring-dated fire scars (Fig. 2) . This clear correspondence indicates that the charcoal record reveals fires that have occurred in at least the lower half of the watershed ( Fig. 1  and ref. 29) . The 20-y mean fire interval at USL during the period A.D. 1700-1900 also is in broad agreement with nearby tree-ring fire-history studies over the same period (6) (7) (8) . In contrast with the tree-ring records, the very high sedimentation rate and continuous 2,000-y record at USL makes possible a range of analyses not available to shorter tree-ring records or coarser-resolution sediment records. Specifically, the USL record reveals a highly episodic pattern in which nine distinct fire periods with a 15-y mean interval are separated by periods with a 52-y mean interval (and a maximum interval of 180 y).
The combination of minerogenic sediment pulses and very large peaks in charcoal accumulation suggests that the USL record may record the severity of past fires through their impact on soil stability, revealing severe fire events both recently and in the more distant past. The distribution of charcoal peak sizes supports differentiating the 71 events into a set of 14 large peaks (three of which occur after 1900) and 57 small peaks ( Fig. 2 and Fig. S5 ). The interpretation of the larger charcoal peaks (associated with erosional events) as severe fire is supported by theory and modern calibration studies. These studies have shown that, although charcoal peak size is affected by a combination of fire size, distance from the lake, wind direction, and fire intensity, the charcoal signal resulting from fire intensity is stronger than that for fire proximity or fire extent (29) (30) (31) . At our site, erosion is an additional but variable contributor of charcoal delivery into the sediment. Based on comparison of charcoal peaks with mapped fires (Fig. 2F) , the contribution of charcoal coming from more than 3 km upstream is minimal, as shown by other calibration studies (29, 31, 32) . Although we cannot place discrete boundaries on the spatial extent of past fires that have contributed to the erosion and fire history, the available evidence suggests the entire USL record is strongly biased toward fires that have occurred in the lower watershed.
The three most recent large charcoal peaks of the 20th century probably were caused primarily by dry-ravel erosion and debris flows following broadcast burning of logging slash in the lower watershed. A fire scar from 1959 adjacent to an area logged in the 1950s confirms the use of fire after logging (Fig. 1) . The most recent large charcoal peak postdates this use of fire and is most likely entirely redeposited detrital charcoal resulting from erosion associated with renewed logging in previously burned areas. In contrast, before 20th century land-use impacts, large charcoal peaks slightly precede minerogenic sediment pulses, timing that is consistent with most charcoal being deposited at the time of the fire (not related to erosion), followed by subsoil erosion events ( Fig. S6) (33) . The minerogenic sediments are marked by low pollen concentrations comprised of high percentages of the species dominating hillslopes (Pinus and Pseudotsuga) or early successional Pteridium (Fig. 3) , indicating postfire hillslope erosion.
Overall, this 2,000-y fire history shows that the considerable spatial variation in fire intervals and fire severity observed today in the Siskiyou Mountains also has changed considerably through time. This history is best described as alternations between centennial-scale periods of little to no fire with intervals of frequent fires, probably of small size and low severity, punctuated by larger and/or more severe fires that are associated with distinct erosional signatures. The temporal variability of these events is striking and suggests that, with respect to both fire occurrence and erosional processes, highly nonequilibrium landscapes are typical on centennial time scales.
Climate and Vegetation Controls of the Fire Regime. A comparison of dates of charcoal peaks and a reconstructed drought index [Palmer Drought Severity Index; PDSI (25) ] reveals that the most severe fires (largest charcoal peaks) were climate-driven events. Because of the unavoidable uncertainty of the sediment chronology, we examined the climate averaged within a range of window sizes before and after each charcoal peak (Fig. 4 ). This analysis shows that the 15 y preceding charcoal peaks are marked by significantly lower PDSI than would be expected by chance alone. Lowering the threshold to include smaller charcoal peaks reduced this correlation to marginally significant levels once more than ca. 30 fire events were included, as would be expected if the largest or most severe events were most tightly linked to climate. Centennial-scale patterns of fire also were linked to longer-term climate change. Three large charcoal peaks (A.D. 990, 1050, and 1250) occurred during the MCA period, which included widespread and severe periods of drought that are known to have promoted similarly episodic patterns of fire in wetter coastal forests to the north (34) . In contrast, during the LIA, distinct charcoal peaks and minerogenic sediments were rare (one large peak at A.D. 1730), and thus any fires occurring at this time were too small to produce a charcoal peak.
The pollen record indicates changes in forest vegetation consistent with the fire history of the past 2,000 y. During a long firefree period, A.D. 200-550, elevated pollen percentages of the shade-tolerant understory tree Taxus brevifolia suggest forests more dense than occur today, although this interpretation should be supported by additional pollen calibration studies. After the year A.D. 900, a decline in Taxus occurred during a fire period (yellow bar, Fig. 3 ) followed immediately by the largest presettlement charcoal peak (A.D. 990) and the simultaneous decline in Cupressaceae (i.e., Calocedrus). This shift in the pollen record indicates a regional shift toward more open vegetation (Fig. 3) . Following this fire, the pollen of Arceuthobium, a parasite of Pseudotsuga, increased and remains abundant until present. Pseudotsuga pollen was depressed through the remainder of the record, possibly reflecting suppression of this species by Arceuthobium. If so, the effects of this parasite are not a novel effect caused by fire suppression and possibly were enhanced by patchy fires in the past (35) . From A.D. 950-1450, five large charcoal peaks and erosion events suggest fuel continuity was sufficient to support severe events that synchronize disturbances. in disturbance-adapted taxa to levels unlike any of the past 2,000 y. The relative stasis of the pollen record before A.D. 1900 indicates that forest ecosystems naturally recovered after fire and drought events, although thresholds in fire severity (such as clearly seen after A.D. 990) may be an important determinant of vegetation shifts.
Despite the general correspondence of fire history with climate and vegetation change, our current understanding of climate and vegetation history is insufficient to explain completely the details of the observed pattern of fire. Refining climate and/or vegetation proxies probably would help explain the episodic pattern of fire at USL. For example, climate-model simulations have shown that the prescription of sea-surface temperature variability affects the spatial patterns of mid-Holocene aridity in the western United States (36) . Thus, varying amplitudes of interannual-todecadal-scale climatic variability (e.g., El Niño Southern Oscillation) could have a major impact on the prevalence of fire climate in our study area (16) . Episodic fire patterns also may be promoted by fire-vegetation feedbacks if vegetation switches among alternate stable states (shrublands versus forest) with different levels of pyrogenicity (3) . Unfortunately, the open-shrub vegetation types (e.g., Quercus) are poorly represented in the USL pollen record and cannot help test this hypothesis.
Comparing Fire and Erosion Before and After A.D. 1900. The USL sediments indicate frequent erosional events throughout the record, but the severe erosion during the 20th century falls outside this historical range of variability. An analysis of the magnitudefrequency distribution of minerogenic horizons for the years A.D. 0-1900 shows a strong fit to a statistical distribution commonly used for flood-frequency analysis (Fig. S7 ). An extrapolation of this relationship suggests that sedimentation events as large as , a volume that corresponds to an average of 15 cm of erosion in the logged areas in the lower watershed. It is likely that the majority of this sediment is derived from roads as well as from isolated debrisflow events (37) . Regionally, the interaction of logging activity and heavy rainfall has been found to produce a three-to fourfold increase in sediment load and an orders-of-magnitude increase in the rate of shallow landsliding (37) (38) (39) , in agreement with the record from USL.
The progression of minerogenic sediment layers reveals that erosion in the 20th century was initiated by land use changes and later exacerbated by several major flood events. The first increase of erosion in the watershed occurred ca. 1920, when pollen indicators of disturbance and pasture (Pteridium and Plantago) increase sharply along with a large charcoal peak and a 30-cm sediment pulse (Fig. 3) . This disturbance probably reflects the impact of the homestead at the inlet, where cattle may have directly impacted the banks and channel. After 1952, dense logging road networks were established in two areas (Fig.  1) , and the combined effects of the use of tractors to haul logs and the broadcast burning of logging slash further exposed bare soil off-road on steep slopes. Major floods occurred in 1955, 1964, and 1997 following logging and burning. These floods have left geomorphic signatures throughout the region (40) , and at USL remnant gullies of debris flows were encountered occasionally in the logged areas.
Conclusions
Our results show clear evidence of a highly episodic and climatically influenced fire regime, with severe fires strongly associated with erosional signatures and decadal-scale droughts. Some periods with very low or almost no fire activity were twice as long as the ca. 80 y of fire suppression evident in tree-ring records from the region (6, 7, 18) . Therefore the reduction of fire that has occurred since fire suppression began is not qualitatively unusual in the context of the episodic history of fire during the past 2,000 y. The fire regime varied not only on the temporal scales of the LIA and the MCA but also over discrete decadalscale periods, a pattern which remains mostly unexplained. Therefore we conclude that these landscapes support a nonstationary disturbance regime over a range of time scales.
In contrast to the fire-history record, the sedimentary record from USL indicates that the recent erosion rate falls well outside the historical range of variability. For most of the past 2,000 y, the pollen record shows forests to be naturally resilient, with shadetolerant species maintaining their abundance even through periods of drought, severe fire, and moderate erosion events. This resiliency was reduced by road building, logging, and major floods. These events resulted in unprecedented dominance by early-successional taxa and a fourfold increase of erosion rates compared with the most severe presettlement fire. The above interpretation suggests that the vegetation and hillslope stability of areas with a legacy of logging and severe erosion will remain sensitive to subsequent severe fire events for the foreseeable future.
The public lands of the Siskiyou region are renowned for being faced with complex fire-management goals for ecological and social objectives (12) . To the extent that management is attempting to return forests to their historical conditions, this study suggests that these forests are tolerant of a wide range of fire severity and frequency. However, today's landscapes differ from presettlement landscapes, as shown by the exacerbated erosion rates and modified vegetation of the last 60 y. Returning resiliency to the forested landscape, however achieved, will provide the conditions needed to move into a future with a more fire-conducive climate.
Materials and Methods
Site Description. USL is the smaller of two landslide-dammed basins on Squaw Creek. It is located within the mixed-evergreen and mesic-mixed conifer forest and woodland (Fig. S1 ). Modern vegetation around the lake consists mainly of Pseudotsuga menziesii (Douglas-fir) and smaller amounts of Arbutus menziesii (Pacific madrone), Pinus lambertiana (sugar pine), Taxus brevifolia (Pacific yew), and Pinus ponderosa (ponderosa pine), the last with The taxon assemblages in these samples are distinctly higher in Pinus, Pseudotsuga, and fern pollen than are the assemblages from the other samples, consistent with pollen being transported via erosion from hillside soils. Based on the present distribution of species in the area, we assigned Pinus subgenus pinus to P. cf ponderosa, Pinus subgenus Strobus to P. cf lambertiana (not plotted because of low percentages), Larix-type to Pseudotsuga menziesii, and Cupressaceae to Calocedrus decurrens. Note the expanded scales for Plantago, Quercus and Arceuthobium pollen types.
fire scars on some of individuals that allowed precise dating of some fire events (Fig. 1) . Time series of aerial photographs show that logging commenced shortly after 1952, and these areas now are dominated by P. menziesii and A. menziesii. The bedrock of 90% of the watershed is graphitic quartz-mica schist and serpentine (41) . Climate is characterized by cool, wet winters and hot, dry summers. Precipitation (annual mean 1,100 mm) is concentrated between November and May, so the fire season usually starts in July and lasts until October (8) .
Sediment Coring and Chronology. Sediments were retrieved using a 5-cm diameter modified Livingstone piston corer from a raft anchored over the deepest portion of the lake (Fig. S3) . Two parallel cores were retrieved in overlapping 1-m drives; basal sediment was not reached. The uppermost 65 cm were sampled using a clear polycarbonate tube fitted with a piston. Cores were returned to the laboratory, split lengthwise, and the overlapping core drives were cross-correlated using multiple visual tie-points to result in an uninterrupted 1,003-cm sediment sequence. Radiocarbon dates were obtained from terrestrial plant macrofossils (Table S1 ) and calibrated with Calib version 5.0.2. The uppermost samples could not be dated using 210 Pb measurements because of a very high sedimentation rate; therefore the 1964 137 Cs peak was located by iterative measurements (Table S2 ). Distinct banding of minerogenic sediments strongly suggests pulsed fluvial delivery of sediment from hillslope erosion events (33) . To account for this cause of variation in sedimentation rate, we used bulk magnetic susceptibility as a proxy of the allochthonous minerogenic component of the lake sediment (26, 33) . Magnetic susceptibility (χ) was measured contiguously at 1-cm intervals on the unsplit 5-cm diameter sediment cores using an 8-cm diameter Sapphire Instruments ring meter. The sedimentation rate at each 1-cm depth (S d ) was estimated as a function of the magnetic susceptibility at that depth (χ d ) where χ d measures the mixture of two end members: (i) the autochthonous sediment where χ = 0 and with a sedimentation rate of S min and (ii) the instantly deposited allochthonous minerogenic sediment where χ is at or above a critical value (χ crit ):
Although the diamagnetic properties of water, diatoms, and organic matter could result in a negative χ (26), setting S min to a lower χ has very little effect on the model, because the observed χ does not approach 0. The deposition time (y/cm) then is 1/S d or 0 if χ d > χ crit , and the sediment age at each depth is the sum of the deposition times above that depth. The model is fit by selecting S min and χ crit to minimize the root mean square error (RMSE) between the model-fit ages and the six age-control points, weighting each control point by its 1σ error estimate (Table S1 ). The above model resulted in an RMSE of 40 y, underestimating the radiocarbon ages in the lower part of the core. We therefore expanded the two-parameter model to allow S min to change monotonically over the length of the core, resulting in a threeparameter model [i.e., S d = (β 0 +β 1 D * χ crit )/(χ crit -χ d ) where β 0 +β 1 D is the estimate of S min at depth D]. This model yielded an RMSE of only 28 y and was the one chosen for final analysis.
Three other lines of evidence support our interpretation of χ. First, χ crit was fit to a discrete break in the distribution of χ values, separating a distinct population of higher χ (Fig. S4) . Second, pollen concentration, biogenic silica concentrations, and loss-on-ignition at depths where χ > χ crit are <20% of other samples (Fig. S4) . As already mentioned, these pollen assemblages are suggestive of slopewash from subcanopy sites with very high Pinus and Pseudotsuga and low riparian taxa (Fig. 3) . Third, cross-correlation analysis shows that χ peaks by 5-10 y after charcoal (Fig. S6) , indicating that high magnetic susceptibility was often the result of fire. Alternative depth-age models that do not consider the magnetic-susceptibility proxy failed to detect periods of higher sedimentation rate (Fig. S8) .
Laboratory Analyses. For charcoal analyses, macroscopic charcoal particles were extracted from 1 cm 3 of sediment at contiguous 1-cm intervals and were soaked in a metaphosphate solution and then in a 3% hydrogen peroxide solution for 12 h to remove or lighten the noncharcoal organic content (42) . Samples were washed through a 125-μm mesh sieve and counted under a stereomicroscope at a magnification of 40× (30) . Particles sieved with a 250-μm mesh sieve showed similar trends similar to the 125-μm fraction, and the two sievings were counted together. Concentrations (particles/cm 3 ) were converted to charcoal accumulation rates (CHAR, particles cm −2 y −1 ) in 2-y intervals (the median sample deposition time) using CharAnalysis software (28) . A slowly varying component of the CHAR, representing secondary charcoal deposition and long-term change in charcoal production (30) , was identified by smoothing the influx data with a locally weighted regression robust to outliers (200-y window). The residual series is composed of noise-related variability in CHAR and distinct peaks probably resulting from major fire events. A Gaussian mixture model was used to distinguish the noise component and two other populations (thresholds at 16 and 120 particles cm -2 y -1 ) representing small and large peaks (Fig S5) .
To infer past changes in vegetation around the lake, samples every ca. 20 cm (corresponding to a mean time resolution of 50 y) for a total of 48 pollen samples were processed following standard procedures (43) . A minimum of 300 pollen grains were identified in each sample, except for five samples in which very low pollen concentration occurred because of fast sedimentation rates. These samples clustered closely in age and were combined into single sample with >300 grains for plotting. In total, we counted 61 different pollen types.
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Supporting Information ), low loss-on-ignition at 550°C (usually <10%), and very low biogenic silica content (<3%). Biogenic silica was measured on samples spaced by 32 or 64 cm using a sodium carbonate extraction method (1). (Bottom) The sedimentation rate was modeled as a function of magnetic susceptibility, in which magnetic susceptibility is a proxy for the mixture of slowly deposited organic sediment and instantaneously deposited eroded inorganic sediment. This relationship differs slightly with core depth, as described in the main text. . Cross-correlograms show the charcoal concentration time series lags with respect to the magnetic susceptibility time series from the USL sediment core. Charcoal concentrations and magnetic susceptibility were interpolated to 2-y windows. Because magnetic susceptibility was used to infer sedimentation rates, charcoal concentration rather than charcoal accumulation rate was used for this analysis to avoid nonindependence between the two variables. Both time series were log-transformed before correlations were calculated. Cross-correlograms show that magnetic susceptibility lags with respect to charcoal concentration, indicating erosion following fire. Fig. S7 . Flood-frequency analysis applied to the minerogenic horizon chronology in the USL sediment core. The maximum minerogenic horizon thicknesses were determined in consecutive 50-y intervals for the 38 intervals from years A.D. 0-1900 (using data shown in Fig. 2D in the main text) . The analysis shows the expected recurrence of minerogenic sediment layers over a range of thicknesses. The fitted curve was computed using the log Pearson type III distribution. This curve shows that the observed minerogenic layers during the 20th century, with thicknesses of 42 and 139 cm, have expected recurrence intervals of >4,000 and >10,000 y, respectively, based on the historical frequency-magnitude relationship. AMS radiocarbon dates were obtained at the Woods Hole NOSAMS facility with the exception of sample at 729 cm from Beta Analytic, Inc. Radiocarbon dates were calibrated using CALIB Rev 5.0.2 (INTCAL04) (1, 2). 
